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Abstract. The present study aims to investigate the associa-
tion of transforming growth factor-β2 (TGF-β2) and matrix 
metalloproteinases (MMPs), MMP-2 and MMP-3, and tissue 
inhibitors of matrix metalloproteinases (TIMPs), TIMP-1, 
TIMP-2 and TIMP-3 in the aqueous humor of patients with high 
myopia or cataracts. The levels of TGF-β2 and MMPs/TIMPs 
were measured with the Luminex xMAP Technology using 
commercially available Milliplex xMAP kits. The association 
between TGF-β2 and MMPs/TIMPs levels was analyzed using 
the Spearman's correlation test. The levels of TGF-β2 were 
identified to be positively correlated with the levels of TIMP-1 
and TIMP-3 (TIMP-1: r=0.334; P=0.007; TIMP-3: r=0.309; 
P=0.012). The levels of MMP-2, MMP-3 and TIMP-2 did not 
significantly correlate with TGF-β2 levels (P>0.05). A positive 
correlation was identified between TGF-β2 and TIMPs in the 
aqueous humor of human eyes with elongated axial length. It 
appears that TGF-β2 stimulates the expression of TIMPs as 
a compensatory reaction to the development of high myopia.

Introduction

Myopia is becoming more prevalent in China. High myopia 
has many serious complications that may lead to severe vision 
impairment. During the development of myopia, there is a loss of 
extracellular matrix (ECM), which may cause sclera remolding 
and axial elongation (1). Despite the changes in scleral ECM that 
occur during mammalian myopia development, there is rela-
tively little understanding of the cellular and signaling factors 
that drive such changes. Increasing evidence has indicated that 
the retina and other relevant ocular tissues may synthesize and 
secrete transforming growth factor-β2 (TGF-β2) to regulate 
the remodeling of the sclera (2-5), which may result in myopia 
development. TGF-β has been demonstrated in vitro to induce 
matrix metalloproteinases (MMPs) production from fibroblasts 
by interfering with the Smad and mitogen-activated protein 
kinases (MAPK) signaling pathways (6). MMPs are a family 
of enzymes that are capable of triggering the decomposition 
of scleral ECM components, the activities of which are regu-
lated by physiological inhibitors, known as tissue inhibitors of 
matrix metalloproteinases (TIMPs) (7-13). TGF-β2, MMPs and 
TIMPs are key in the progression of ECM degradation during 
the pathological processes of myopia (14-17). To the best of 
our knowledge, the correlation between TGF-β2 and MMPs/
TIMPs in human aqueous humor in myopic patients has not 
previously been reported. Recently, TGF-β2 and MMP/TIMP 
levels in the aqueous humor were evaluated in 65 patients with 
high myopia or cataract and it was identified that the TGF-β2 
and MMP/TIMP levels in the aqueous humor of patients 
with high myopia were significantly different from patients 
with cataract (17,18). As a follow up study of our published 
studies (17,18), the aim of the present study was to use the 
data (17,18) to analyze the correlation between TGF-β2 and 
MMP/TIMP levels in the aqueous humor from these patients.

Materials and methods

Patients and samples. The subjects and methods used for the 
measurement of multiple factors in the current study have been 
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reported previously (17,18). The previous studies included two 
groups of patients as follows: High myopia (35 cases) and 
cataract (30 cases). High myopia was defined as patients (with 
or without cataract) with refraction <-6 D (35 cases, 35 eyes). 
Cataract cases included cataract patients with a range of 
different refractive statuses; including emmetropia, hyperopia 
and myopia, with the exception of high myopia (30 cases, 
30 eyes).

Specimens were obtained at the beginning of the clear lens 
extraction or cataract extraction surgery to avoid the break-
down of the blood-aqueous barrier associated with surgical 
manipulation. A 30-gauge needle attached to a tuberculin 
microsyringe was used to aspirate the aqueous humor from 
the central pupillary area without touching the iris, lens, or 
corneal endothelium with the needle to avoid trauma and the 
contamination of the aqueous humor specimens by various 
tissue components or blood. Specimens were stored immedi-
ately below -80˚C until analysis (17,18).

All samples were assayed for total protein levels of 
TGF-β2, MMP-1, -2, -3, TIMP-1, -2, and -3 using a Luminex 
system (Luminex xMAP Technology, Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) and commercially available 
Milliplex xMAP kits (TGFB-64K-03, HMMP2MAG-55K-02, 
HMMP1MAG-55K-01, HTMP2MAG-54K-03; EMD 
Millipore, Billerica, MA, USA) (17-20).

All patients signed informed consent and the study was 
approved by the Institutional Review Board at the Shanghai 
Ninth People's Hospital, Shanghai Jiaotong University School 
of Medicine (Shanghai, China) (17,18).

Analysis of the association between TGF-β2 and TIMPs. 
The association between the levels of TGF-β2 and various 
MMPs/TIMPs (MMP-2, MMP-3, TIMP-1, TIMP-2 and 
TIMP-3) was analyzed separately by evaluating the signifi-
cance of the correlation coefficient between various groups.

Statistical analysis. The original data were not normally 
distributed according to the Kolmogorov-Smirnov test. 
Therefore, the results were expressed as medians and ranges 
(25th and 75th percentiles) using continuous variables that 
are not normally distributed, such as the levels of TGF-β2 
and TIMPs, or as a mean (standard deviation) for normally 
distributed continuous variables, such as age. The association 
between TGF-β2 and TIMPs was analyzed using Spearman's 
correlation test. SPSS 22.0 software for Windows (IBM Corp., 
Armonk, NY, USA) was used to perform these analyses. A 
two-tailed P<0.05 was considered to indicate a statistically 
significant difference.

Results

Analysis of the levels of MMPs, TIMPs and TGF-β2. Briefly, the 
average age of the 65 patients was 67.0±11.7 years, comprising 
of 29 males and 36  females  (17). Among the 65  subjects, 
30 eyes had cataracts and 35 eyes were highly myopic (all in 
the stationary stage). The results of the levels of TGF-β2 and 
TIMPs were published in our previous papers (17,18), which 
revealed that MMP-1 was not detected and TGF-β2, MMP-2, 
MMP-3, TIMP-1, TIMP-2 and TIMP-3 were detected in the 
aqueous humor. The levels of TGF-β2, MMP-2, TIMP-1, 

TIMP-2, TIMP-3 in the high myopia group were significantly 
higher than those in the cataract eyes group, while MMP-3 
levels in the high myopia group were not statistically higher 
than that in the cataract eyes group.

Correlation of TGF-β2 with MMPs. In the present study, 
the correlation between the levels of TGF-β2 and different 
MMPs/TIMPs in the aqueous humor specimens was analyzed 
by Spearman's correlation test. The TGF-β2 level was not 
identified to be significantly correlated with the MMP-2 
level (P>0.05), although the levels of the two increased in the 
aqueous humor (Fig. 1). Furthermore, the levels of TGF-β2 
were also not significantly correlated with the levels of MMP-3 
(P>0.05; Fig. 2).

Correlation of TGF-β2 with TIMPs. A significantly positive 
correlation was identified between the levels of TGF-β2 and 
TIMP-1 (r=0.334, P=0.007; Fig. 3), and with TGF-β2 and 
TIMP-3 (r=0.309, P=0.012; Fig. 4). However, no significant 
correlation was observed between the levels of TGF-β2 and 
TIMP-2 (P>0.05; Fig. 5).

Discussion

In the current study, the associations between TGF-β2 and 
MMPs/TIMPs in the aqueous humor of myopia and cataract 
patients were analyzed, with the aim of highlighting the role 
of TGF-β2 and MMPs/TIMPs in the development of myopia.

TGF-β2 is an important factor in the modulation of growth 
and development of the eyeball (21). In four-week-old guinea pigs, 
it was demonstrated that the retinal levels of the TGF-β2 protein 
are highly correlated with ocular refraction and axial length (22). 
TGF-β2 is a key factor in the progression of myopia develop-
ment and axial elongation; however, reports of its expression in 
experimental myopia have been controversial as animal studies 
have demonstrated increases and decreases (22-26). It appears 
that the changes in TGF-β2 expression during the development 
of myopia are species- and tissue-specific (22-24,25,27). Our 

Figure 1. Correlation between aqueous TGF-β2 and MMP-2 levels. TGF-β2 
and MMP-2 levels in the aqueous humor from 65 patients with myopia or 
cataract during cataract or clear lens extraction surgery were measured 
with Luminex xMAP Technology using commercially available Milliplex 
xMAP kits. Spearman's correlation test demonstrated that TGF-β2 was not 
correlated with MMP-2 (P>0.05). TGF-β2, transforming growth factor-β2; 
MMP-2, matrix metalloproteinase-2.
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previous study (18) and the study by Zhuang et al (28) found that 
TGF-β2 levels were increased in the aqueous or vitreous humor 
in stationary high myopia patients with axial elongation (18,28).

TIMPs are a group of endogenous specific inhibitors 
of the activity of various MMPs, and the balance between 
MMPs/TIMPs regulates ECM turnover and remodeling during 
normal development and pathogenesis (11). Animal studies 
have revealed that the levels of MMPs increased during the 
development period of myopia (29,30). Our previous study (17) 
and the study by Zhuang et al  (28) identified that aqueous 
MMP-2 and -3 levels increased in ocular specimens during 
the stationary stage of high myopia patients (17,28). TIMPs 
inhibit the degradation of ECM, which is caused by MMPs. 
Therefore, it is expected that during various physiological 
or pathological processes that involve the degradation of the 

ECM, TIMP levels decrease and are associated with increased 
levels of MMPs; these changes lead to degradation of the 
ECM (8,10-12). However, under certain circumstances the 
levels of TIMPs do not decrease, they increase (8,10-13,31-45). 
These contradictory changes of TIMP have been explained 
by the homeostasis hypothesis, that is, the elevation of TIMP 
levels reflects a cellular compensatory reaction to counteract 
and limit the intensive degradation of ECM by MMPs. In this 
case, the TIMP expression levels should increase rather than 
decrease (11-13,40,41,46,47).

In animal studies of myopia, the changes of TIMP levels 
during the development period of myopia are complicated; it 
has been reported that the levels of TIMP mRNA in the scleral 
increase (14,48), decrease (49,50) or do not change signifi-
cantly  (49,50). During the recovery stage of experimental 

Figure 2. Correlation between aqueous TGF-β2 and MMP-3 levels. TGF-β2 
and MMP-3 levels in the aqueous humor from 65 patients with myopia or 
cataract during cataract or clear lens extraction surgery were measured with 
the Luminex xMAP Technology using commercially available Milliplex 
xMAP kits. Spearman's correlation test demonstrated that TGF-β2 was not 
correlated with MMP-3 (P>0.05). TGF-β2, transforming growth factor-β2; 
MMP-2, matrix metalloproteinase-2.

Figure 3. Correlation between aqueous TGF-β2 and TIMP-1 levels. TGF-β2 
and TIMP-1 levels in the aqueous humor from 65 patients with myopia or 
cataract during cataract or clear lens extraction surgery were measured with 
the Luminex xMAP Technology using commercially available Milliplex 
xMAP kits. Spearman's correlation test demonstrated that TGF-β2 was posi-
tively correlated with TIMP-1 (r=0.334; P=0.007). TGF-β2, transforming 
growth factor-β2; TIMP-1, tissue inhibitors of matrix metalloproteinase-1.

Figure 4. Correlation between aqueous TGF-β2 and TIMP-3 levels. TGF-β2 
and TIMP-3 levels in the aqueous humor from 65 patients with myopia or 
cataract during cataract or clear lens extraction surgery were measured with 
the Luminex xMAP Technology using commercially available Milliplex 
xMAP kits. Spearman's correlation test showed that TGF-β2 was positively 
correlated with TIMP-3 (r=0.309; P=0.012). TGF-β2, transforming growth 
factor-β2; TIMP-3, tissue inhibitors of matrix metalloproteinase-3.

Figure 5. Correlation between aqueous TGF-β2 and TIMP-2 levels. TGF-β2 
and TIMP-2 levels in the aqueous humor from 65 patients with myopia or 
cataract during cataract or clear lens extraction surgery were measured with 
the Luminex xMAP Technology using commercially available Milliplex 
xMAP kits. Spearman's correlation test demonstrated that TGF-β2 was not 
correlated with TIMP-2 (P>0.05). TGF-β2, transforming growth factor-β2; 
TIMP-2, tissue inhibitors of matrix metalloproteinase-2.
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myopia, the MMP-2 levels invariably decrease, and the TIMP 
levels usually increase (29,30,50,51).

Our previous studies revealed that the levels of TIMPs 
in the aqueous humor increased during the stationary stage 
of high myopia patients (17). This may be explained by the 
homeostasis hypothesis; the elevation in TIMP levels reflects 
a cellular compensatory reaction to counteract the degradation 
of ECM by MMPs.

Little is known regarding the molecular mechanism of 
this compensatory response of increased levels of TIMPs in 
myopia. The present study has demonstrated that the increase 
of TIMP-1 and TIMP-3 in the aqueous humor of high myopia 
patients was positively correlated with the increase of TGF-β2 
levels, indicating that TGF-β2 may be the molecule that causes 
the increase in TIMP expression levels in high myopia. This 
is consistent with previous reports demonstrating that TGF-β2 
increased the levels of TIMP-1 in human RPE cells (52), and 
the upregulation of TIMP by TGF-βs in human, rat or bovine 
chondrocytes and fibroblasts (53-58).

The signaling pathways of TGF-β-induced TIMP expres-
sion in myopia have not been investigated systematically; 
however, they has been evaluated in human and experimental 
animal fibroblasts and chondrocytes (53,54,59).

Morris  et  al  (59) demonstrated that TGF-β increased 
the levels of the TIMP-3 protein in human cartilage, but 
did not significantly affect the expression levels of TIMP-3 
mRNA (59). Wang et al  (53) observed that TGF-β induces 
TIMP-3 expression in rat chondrocytes via activation of the 
extracellular signal-regulated kinase (ERK)1/2 and Smad2/3 
signaling pathways. Leivonen et al (54) identified that TGF-β 
induced TIMP-3 mRNA expression in mouse and human 
fibroblasts. This effect was abolished by the inhibition of 
ERK1/2 activation and p38 mitogen-activated protein kinase 
(p38 MAPK), indicating that ERK1/2 and p38 MAPK mediate 
the effect of TGF-β on TIMP-3 expression levels. Furthermore, 
Smad3 co-operated with p38 MAPK and ERK1/2 in the 
induction of TIMP-3 expression. The study demonstrated that 
TGF-β induces TIMP-3 expression via a complex interplay 
between Smad3, p38, and ERK1/2 signaling (54).

The present analysis revealed that the levels of TGF-β2 were 
positively correlated with the levels of TIMP-1 and TIMP-3, 
but were not associated with the levels of TIMP-2. This may be 
relevant to the different effects of various TIMPs on the expression 
levels of MMP; TIMP-1 and -3 are inhibitors of various MMPs. 
TIMP-2 is an inhibitor of MMPs, as well as an activator for 
pro-MMP-2. Furthermore, TIMP-2 binds to latent MMP-2 and 
MT1-MMP at the cell surface, resulting in proteolytic activation 
of the latent MMP-2 by adjacent MT1-MMP (7-9,11). It has been 
reported that at high concentrations, TIMP-2 causes inhibition; 
however, at low concentrations it increases the activities of 
MMP-2 (8,11). This may provide an explanation for the different 
associations between TGF-β and various TIMPs.

It has been reported that TGF-βs may influence the 
expression level of MMPs (6). However, in the present study, 
the levels of MMPs in the aqueous humor in cataract or high 
myopia eyes were not identified to be correlated with TGF-β2 
levels. Therefore, the results of the present analysis indicate 
that in human high myopia, the effects of TGF-β2 on the 
pathogenesis of myopia may be via the modulation of TIMP 
expression levels rather than by MMP expression levels. 

However, the present study was based on the analysis of factors 
in the aqueous humor during the stationary stage of myopia, 
therefore, the results should be interpreted cautiously.

In conclusion, the present analysis has revealed that an 
increase in the levels of TIMPs in the aqueous humor in the 
stationary stage of human high myopia patients was positively 
correlated with the increase in TGF-β2 levels. The elevation of 
TIMP expression levels most likely reflects a cellular compen-
satory reaction to counteract and limit the intense degradation 
of the ECM by MMPs. TGF-β2 is possibly one of the molecules 
that is involved in the modulation of this process. However, the 
cause-effect association between the increase in TGF-β and 
TIMP levels in the development of myopia and its mechanism 
requires further investigation.
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